Introduction
Patients with Philadelphia chromosome (Ph) constitute the largest genetically defined group among adult acute lymphoblastic leukemias (ALL), with an overall frequency of 25-30%. 1 Most importantly, the Ph chromosome is known to confer a very poor prognosis, and entails a high risk of treatment failure. 2, 3 Although high-dose chemotherapy induces complete hematological remission (CHR) in approximately 70% of Ph þ ALL patients, most of them experience early relapse. [1] [2] [3] [4] At molecular level, the Ph translocation results in the juxtaposition of the 5 0 part of the BCR gene (chromosome 22) to the second exon of the ABL gene (chromosome 9), leading to the formation, on the derivative chromosome 22, of a BCR/ABL fusion gene, which encodes an oncogenic protein with constitutive tyrosine kinase activity. Depending on the breakpoint location, the fusion gene encodes two oncogenic proteins that differ in size: the smaller 190-kDa protein (P190 BCR/ABL ) is found in 65-80% of Ph þ ALL patients, whereas the larger 210-kDa protein (P210 BCR/ABL ), typical of chronic myeloid leukemia, is found in 20-35% of Ph þ ALL patients. 5 The transforming power of the two hybrid proteins has been intensively investigated. Experimental evidences indicate that P190
BCR/ABL has a higher tyrosine kinase activity and is more efficient than P210 BCR/ABL in stimulating the growth of pre-B cells. 6 In addition, transfection of primary mouse bone marrow (BM) cells with P190 BCR/ABL -expressing constructs, but not with those expressing P210 BCR/ABL , results in a potent induction of lymphoid expansion independent of cytokine supplementation. 7 However, when conventional treatment regimens are used, no substantial differences in clinical response have been observed between Ph þ ALL patients carrying P190
BCR/ABL compared with those carrying P210 BCR/ABL . [1] [2] [3] In childhood ALL, molecular monitoring of minimal residual disease (MRD) during treatment has become a major tool to assess the outcome and to evaluate the risk of impending relapse. 8, 9 These studies strongly suggested that the level of MRD can be added to other widely agreed prognostic features, that is, age, leukocytosis and cytogenetics, to stratify prognostic groups in ALL patients.
In this prospective study, we show that the levels of MRD in the BM of patients with Ph þ ALL, assessed with quantitative real-time PCR (RQ-PCR) after induction and after consolidation treatment, is a powerful indicator of prognosis.
Materials and methods

Patients
Between January 1999 and October 2001, 235 adult patients aged 15-60 years with newly diagnosed ALL with the exclusion of B-ALL were consecutively enrolled, after providing informed consent, in the GIMEMA 0496 or LAL2000 protocols. Of these, 57 patients (24.3%) had the Ph and/or BCR/ABL gene and were considered for inclusion in this study. The diagnosis of ALL was based on standard hematological, morphological and immunophenotypic criteria. Both GIMEMA protocols contemplated central handling of cell samples at diagnosis and at predetermined time intervals during the clinical follow-up. 10 According to this program, molecular analyses on all patients at presentation and during follow-up were performed at the CEINGE Biotecnologie Avanzate (University of Naples Federico II) and the Department of Biomedical Sciences (University of Turin), while cytogenetic analyses were performed at the Department of Cellular Biotechnologies and Hematology (University 'La Sapienza', Rome), the Center of Medical Biotechnology, Dipartimento di Scienze Biomediche e Terapie Avanzate (University of Ferrara) and the Dipartimento di Medicina Clinica e Sperimentale (Universiy of Perugia). The diagnosis of Ph þ and/or BCR/ABL þ ALL was based on standard cytogenetic and/or molecular analysis at diagnosis. The patients enrolled in the study were selected from the whole cohort of patients with Ph þ ALL within the two protocols, on the basis of the following criteria: (a) achievement of CHR at the end of induction therapy and (b) availability of both postinduction and postconsolidation BM samples for molecular analysis. Patients were considered to be in CHR if, after induction treatment, they had normal peripheral blood counts (peripheral blood polymorphonucleates (PMN) 41.5 Â 10 9 /l; Hb 410 g/dl; platelets 4100 Â 10 9 /l with no circulating blast cells) and o5% blast cells in the BM with a normal cellularity. Patients who did not achieve CHR after induction were considered resistant and excluded from this study.
Treatment protocols
All patients were treated according to the GIMEMA 0496 or LAL2000 protocols, both including Ph þ ALL patients in the high-risk group arm. Treatment schedule for the high-risk group was the same in both protocols. Induction treatment was administered for 6 
Molecular analysis
Mononuclear cells were centrally isolated in the laboratories in Rome from BM aspirates by centrifugation on a Ficoll-Hypaque gradient. Cells were washed twice in saline solution and resuspended in aliquots of 1 Â 10 6 in 600 ml of 4 M guanidinium isothiocyanate solution (GITC). The aliquots were stored at À201C until shipment to the other reference laboratories (Naples and Turin). An archive of patient cell pellets was also established in central laboratory to store aliquots of patient cells for further analysis. Total RNA was extracted in one of the three reference laboratories from cells cryopreserved in GITC using ion exchange chromatography on minicolumns (GeneElute, Total RNA Purification kit, Sigma, St Louis, MO, USA) according to the manufacturer's directions. The quality of RNA was assessed on ethidium bromide-stained 1% agarose gel containing 2.2 mol/l formaldehyde. RT-PCR specific for the BCR-ABL transcripts encoding either the P190 BCR/ABL or the P210 BCR/ABL proteins was performed on BM samples at baseline as part of a systematic molecular screening for fusion transcripts (BCR/ABL, E2A/PBX1 and MLL-AF4). This diagnostic analysis was carried out with the standardized BIOMED-1 protocol.
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Quantitative real-time PCR analysis of minimal residual disease MRD was quantified with a novel method based on an RQ-PCR procedure standardized within a Europe Union (EU) concerted action program. 12 The analysis was carried out in all patients at disease presentation and after completion of both induction and consolidation therapy upon recovery of blood counts.
The method independently measures in each sample by PCR the copy number of mRNAs encoding the BCR/ABL protein and, simultaneously, of a control gene, to verify sample-to-sample RNA quality variations. Of the three control genes used in the PCR standardization program, that is, abelson (ABL), beta2microglobulin (B2m) and beta-glucuronidase (GUS), GUS was chosen for this study because its level of expression and its stability in hemopoietic cells were similar to those of BCR/ABL, and because PCR primers used for ABL would amplify both normal ABL and fusion BCR/ABL transcripts (total ABL).
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For each amplification run, BCR/ABL and GUS standard curves were independently generated by assaying, in parallel with the samples, 1:10 serial dilutions (from 10 6 to 10 2 copies, each in triplicate) of plasmid DNA calibrators containing the target sequences diluted in a solution of Escherichia coli RNA (20 ng/ml). The copy numbers of BCR/ABL and GUS transcripts were derived by the interpolation of cycle threshold (Ct) values (number of PCR cycles necessary to achieve a target-specific fluorescence detection threshold) to the appropriate standard curve, and the result was expressed for each sample as a ratio of BCR/ABL mRNA copies to GUS mRNA. 12 All amplification reactions were carried out in triplicate and the mean Ct values were used to interpolate standard curves and to calculate the transcript copy number. Reaction conditions, primers and probe sequences for RQ-PCR of BCR/ABL and GUS were designed, tested and standardized within the EU concerted action program. 12 Dilutions of plasmid containing the PCR target sequences of BCR-ABL and GUS, used to generate the standard curves of the assays, were from IPSOGEN Inc. (Marseilles, France).
Sample results and all analytical series were checked as follows: (i) RNA samples that repeatedly gave GUS Ct values higher than 29.2 (corresponding to 1000 molecules) were operationally considered degraded and eliminated from further evaluation. In these cases, a further aliquot of BM cells from the same patient was withdrawn from the central archive for reanalysis. Thus, in all samples tested, the dynamic range of MRD detectability of the assay technique was at least 3 logs.
Therapy response predictor in Ph þ ALL F Pane et al (ii) In the case of a BCR/ABL Ct above the intercept value of the relative standard curve of the run (Ct corresponding to one copy), the amount of the transcript was considered below the detection limit of the technique. (iii) When the slope of a standard curve was not within the mean72 s.d. obtained during the standardization program of the method (3.4670.1 and 3.5170.17 for BCR/ABL and GUS mRNAs, respectively), all the samples of the series were reassayed.
Statistical analysis
The primary prognostic endpoints of this study were: overall survival (OS) and disease-free survival (DFS), cumulative incidence of relapse and duration of the first CHR (ie eventfree survival (EFS)). Survival was defined as the time from diagnosis to death or date of the last follow-up. When calculating DFS, both relapse and death in CHR due to stem cell transplant-related mortality (nonrelapse mortality (NRM)) were counted as 'events'. The cumulative relapse rate was calculated using the same type of analysis that was used for DFS, except for patients who died in CHR, who were censored at the time of death. EFS was calculated from the time of achieving CHR to relapse or date of last follow-up. The probabilities of OS, relapse, RFS and DFS were estimated using the Kaplan-Meier method. The log-rank test was used to evaluate the prognostic impact of MRD assay. Median follow-up time was estimated by reversing the codes for the censoring indicator in a KaplanMeier analysis.
Results
Patients
Out of the 57 patients affected by Ph þ ALL and enrolled in the 0496 or LAL 2000 GIMEMA treatment protocols, 45 had achieved CHR after induction therapy, and were included in the prospective monitoring study of MRD. All patients expressed B-cell antigens (CD19 and cytoplasmic CD22). A total of 36 of them expressed membrane CD10, and were thus classified as common-ALL; the remaining nine were diagnosed as pre-B ALL based on cytoplasmic IgM. Other clinical and biological features of the patients are listed in Table 1 . The median age of the patients at diagnosis was 42 years, and none was older than 58 years. As frequently observed in Ph þ ALL, median leukocyte counts were high, and 10 patients (23%) had a WBC of 50 Â 10 9 /l or more. Median follow-up was 440 days; in eight patients, it exceeded 2 years; 15 (34%) patients were alive at the end of follow-up. Three patients were lost to clinical observation with a clinical follow-up below 6 months and were excluded from further evaluation. Median survival probability of the whole cohort of patients was 445 days; relapse was the most common cause of treatment failure, occurring in 27 of the 42 evaluable patients (64%). All but one relapse occurred in BM; in two cases, BM relapse was associated with a meningeal localization of the disease. At univariate analysis, young age and low leukocyte count were associated with a slight but not statistically significant trend toward longer survival. Overall, 20 patients underwent SCT, in 13 cases from an HLA-identical sibling, in four cases from an HLA-matched unrelated donor and in three cases from a mismatched (haploidentical) donor. A total of 27 patients died: 19 due to disease progression and eight from SCT-related complications (mostly pneumonia or multiorgan failure).
Analysis of MRD after induction and consolidation treatment
Overall, RQ-PCR method used for the MRD analysis showed a high degree of reliability: only 11 out 135 (8.1%) BM samples were reassayed during the study -in seven cases, reanalysis was due to RNA degradation and the RQ-PCR assays were successfully repeated on a different aliquot of archival cell pellet from the same patient, whereas in the remaining four cases, repetition was due to a slope of the GUS standard curve outside the range established during the standardization program of the method (see Materials and methods).
The transcript encoding P190 BCR/ABL was found in 34 of 42 evaluable patients (81%); the transcript encoding P210 BCR/ABL was present in five. The remaining three patients expressed both types of transcripts at the diagnostic qualitative PCR, most likely due to alternative splicing of a primary transcript with a P210 BCR/ABL type of junction. 13 Indeed, these patients had higher amounts of P210 BCR/ABL -than P190 BCR/ABL -encoding mRNA at RQ-PCR. Therefore, these three patients were operationally considered 'P210 positive', and the sum of the copy numbers of the two types of BCR/ABL mRNA was used to calculate MRD.
At diagnosis, the median ratio BCR/ABL-GUS of the whole cohort of patients was 1.15 (range 0.23-10.28); there was no significant difference between the levels in patients with the P210-and patients with the P190-encoding BCR/ABL gene ( Table 2) . MRD levels were quantitatively assessed at two time points: after completion of induction treatment and after completion of consolidation treatment. On both occasions, BM was sampled when the WBC was 4500 Â 10 9 /l and the platelet count was 420 000 Â 10 9 /l. MRD was assessed at a median of 71 and 124 days postinduction and postconsolidation, respectively. When patients were stratified according to BCR/ABL gene junction (P190 BCR/ABL vs P210 BCR/ABL ), there were no differences in MRD level at either time points (Table 2) . This indicates that the two groups of patients had a similar initial chemosensitivity. However, the MRD levels of patients were Therapy response predictor in Ph þ ALL F Pane et al highly variable at both time points, suggesting heterogeneity of blast clearance among patients (Table 2 ). Therefore, we stratified the whole cohort of patients into two MRD groups on the basis of the reduction of BCR/ABL transcript levels at these two time points. Given the high variability of BCR/ABL expression at diagnosis, to express MRD levels, patient transcript ratios at completion of both induction and consolidation were converted in a logarithmic (base 10) scale of reduction from individual base line ratio BCR/ABL-GUS assayed at diagnosis before the start of treatment. Patients with 2 or more logs of MRD reduction postinduction, and 3 or more logs of MRD reduction postconsolidation, were considered 'good molecular responders' (GMRs). The remaining patients, that is, those who had MRD reductions less or equal to 2 logs postinduction, and 3 logs postconsolidation, were considered 'poor molecular responders' (PMRs). There was postinduction/postconsolidation concordance of the MRD classification in all patients (Figure 1 ). On the basis of MRD levels, 28 were GMRs and 14 PMRs. The eight patients expressing the P210 BCR/ABL transcript were evenly distributed between the two MRD groups: six were classified as GMR and two as PMR.
MRD-based prognostic stratification
To assess the prognostic value of the MRD classification, the clinical follow-up was recorded for all patients. GMRs had a significantly longer survival (Kaplan and Meyer probability) compared with PMRs (Figure 2a) . Overall, 12/14 PMRs (86%) and 15/28 GMRs (54%) had died by the end of the study. The probability of survival at 2 years was 48% (CI 29-65%) for GMRs and 0% (CI 0-0%) for PMRs ( Table 3 ). The longer survival probability of GMRs is due to a lower probability of relapse (Figure 2b ) and to the longer probability of CR duration (Figure 2c) . Indeed, 12 PMRs relapsed, none maintaining remission at 2 years (Table 3) . By contrast, 15/28 GMRs relapsed (54%), and GMRs had a 38% (CI 24-62%) probability of remaining in first remission at 2 years (Table 3 ). Moreover, 6/15 GMRs (and none of the PMRs) who relapsed were induced into a second CHR by salvage treatment, which included SCT in three cases; a sustained CHR was maintained by all three (one treated with an unrelated donor SCT) up to the end of the study.
The differences in prognosis between the two MRD groups are not attributable to a different percentage of patients undergoing SCT (Table 4) . Indeed, about half the patients in the two groups underwent SCT within a median of 10 and 9 months for GMRs and PMRs, respectively. Mortality due to transplant complication was rather high in both groups, accounting for five and three deaths in GMRs and PMRs, respectively. Even when transplant complication mortality was computed as an event in the Kaplan-Meier estimation of DFS, GMRs maintained a better survival than PMRs (P ¼ 0.0076; Table 3 ).
Median age and baseline WBC, the most common prognostic indicators in ALL, did not differ between the two MRD groups of patients (40 vs 45 years and 27.8 vs 27.8 Â 10 9 /l, in GMRs and PMRs, respectively), which indicates that MRD level is an independent prognostic index in Ph þ ALL.
Discussion
In adults, as well as in children with ALL, the Ph þ subgroup is associated with the worst prognosis due both to a reduced rate of initial response to treatment and to a high risk of early relapse, and long-term survival rates range from 35 to 40% in children to less than 20% in adults. 2, 3, 14 This prospective study shows that quantitative MRD assessment was a prognostic indictor in 45 adult patients affected by Ph þ ALL who underwent homogeneous treatment programs, the GIMEMA protocols 0496 and LAL2000. 10 Refractoriness to induction treatment is an obvious parameter of dismal prognosis in Ph þ ALL, but early relapses can also occur in patients who have a CHR to initial treatment. Therefore, we enrolled in our study only Ph þ ALL patients who had a CHR after induction treatment and who would benefit Here, we applied a rapid, accurate and sensitive real-time RT-PCR assay of the BCR/ABL transcripts that was developed by us within a European network of experienced centers, 12 to study the MRD kinetics during the early phases of treatment in those patients who showed CHR after induction treatment. Although MRD values assayed by the RQ-PCR may be expressed as absolute ratios of fusion gene to a control gene mRNA levels, here we express the MRD data as individual log reduction of BCR/ABL-GUS ratios to compensate the high variability of BCR-ABL levels in ALL leukemic blasts at diagnosis, 12 and the lab-to-lab variability. The use of this type of data presentation might lead to loss of some clinical information related to variability of BCR-ABL expression at diagnosis and to possible discrepancies between classification of individual patient responses to treatment using thresholds based on absolute value of BCR-ABL/GUS ratios and that based on relative log reductions. A multicentric prospective study aimed at a formal comparison between these two types of MRD calculations is still lacking; 15 however, the use in our patients of two absolute values of BCR/ABL-GUS ratio (0.01 and 0.001 after induction and after consolidation treatment, respectively) as cutoff for MRD-based stratification did not change significantly the prognostic value of this parameter (data not shown).
In children affected by ALL, MRD monitoring and the quality of early response to treatment are independent prognostic factors of outcome: patients who rapidly clear MRD clearance have a significantly better outcome than patients who have a delayed or insufficient response. [16] [17] [18] [19] We provide evidence also in the adult setting that Ph þ ALL is a heterogeneous disease with regard to response to treatment. Among the Ph þ ALL patients who achieved CHR, we identified two subgroups on the basis of MRD levels, which differed in clearance rates of Ph þ cells and sensitivity to chemotherapy. Specifically, patients who had an MRD reduction of less than 2 logs after induction treatment had no chance of being alive and in remission at 2 years, and their median remission duration was 6 months. Overall, these PMR patients had a low sensitivity to chemotherapy; indeed, most of them had only slight additional MRD decreases after the administration of cytosine arabinoside plus mitoxantrone used as consolidation regimen, and the MRD level never decreased to below 0.001 (3 log reduction compared to the diagnosis values) at the second time point. Thus, such patients are candidates for experimental treatments as soon as possible after remission induction, because in no case did salvage treatment including SCT result in long survival. Differently, GMRs, that is, patients with an MRD reduction of more than 2 logs after induction treatment, included all patients highly sensitive to chemotherapy and to cytarabine-based treatment of the HAM protocol. All these patients had an MRD reduction of 1 log after subsequent consolidation (c) Remission duration probability (EFS). Censored events are indicated in the two groups on the curves. PMRs, poor molecular responders; GMRs, good molecular responders. Table 3 Outcome at 2 years Therapy response predictor in Ph þ ALL F Pane et al treatment with the HAM schedule. The rapid and effective MRD clearance observed in this subgroup correlates significantly with outcome: the Ph þ ALL patients with the best outcome were GMRs. In this subgroup, OS and EFS probability at 2 years was 48 and 38%, respectively. It is generally thought that the only curative option in adults with Ph þ ALL is SCT, even though evidence for this comes from small retrospective studies. 20, 21 In our study, about half the patients in each MRD subgroup underwent SCT. Therefore, SCT given as therapy intensification after consolidation did not bias the clinical outcome of the two groups of patients.
In a multicentric study of the GET-LALA group of 154 Ph þ ALL patients, high leukocyte count was recognized as an adverse prognostic parameter for CHR at 3 months, but not for OS. 3 On the other hand, in the same 154 patients, advanced age at baseline was a prognostic factor that inversely correlates with OS but not with CHR achievement. 3 Neither high leukocyte count nor advanced age was significantly associated, in our patients, to an adverse outcome; thus, the stratification based upon the MRD levels appears to be the principal prognostic parameter. Importantly, in our study, we excluded from the evaluation those patients who did not reach CHR after initial treatment and who, in the GET-LALA study, tended to have the oldest age and the highest leukocyte counts, and this may account for the discrepancy.
It is not clear whether the different responses to treatment identified by measuring MRD by the RQ-PCR technique in our Ph þ ALL patients reflect intrinsic biological characteristics of the Ph þ clone or whether they are due to other host features. However, Ph þ cells from ALL patients reacted differently in vitro to three widely used therapeutic agents, 22 and the gene expression pattern of the Ph þ ALL was recently found to be heterogeneous, unlike other ALL genetic subsets gene expression pattern. 23 Interestingly, a multicenter study of children with Ph þ ALL showed that patients can be stratified into a high or low risk of relapse on the basis of the clinical response to pretreatment with 7-day prednisone monotherapy. 24 Heterogeneity of Ph þ ALL children was confirmed by a large cooperative study in which prednisone pretreatment, age and the leukocyte count proved to be independent predictors of relapse risk.
14 More recently, in the same subset of childhood ALL patients, RT-PCR monitoring identified different risk groups of patients, thereby indicating a high heterogeneity in blast clearance in childhood Ph þ ALL. 25 These findings provided additional support to the results of our study.
In all previous studies of MRD monitoring of Ph þ ALL patients, qualitative PCR was used to measure BCR/ABL mRNA, and it was found that even intensive chemotherapy does not eradicate BCR/ABL-positive cells in a large proportion of patients. 3, [26] [27] [28] In 36 Ph þ ALL adult patients treated by SCT, multivariate analysis showed that qualitative PCR assay of MRD was the best prognostic index for continuous complete remission. 29 Moreover, the type of BCR/ABL transcript was an important predictor of post-SCT relapse. In fact, patients with P190 BCR/ABL þ MRD had a relapse risk 11.2 times higher than patients with P210 BCR/ABL þ MRD. 29 However, the latter finding was not confirmed in a subsequent study 30 or by our observation that MRD levels did not differ between P190 BCR/ABL -and P210 BCR/ABL -positive patients. Competitive quantitative PCR has been used to monitor the dynamics of residual leukemic cells in 16 Ph þ ALL patients after conventional chemotherapy and SCT. 31 Although the data were not conclusive, it emerged that chemotherapy generally results in a limited, variable decrease (2 or 3 logs) in the number of transcripts in the BM of patients, vs decrease 44 logs after auto-and allo-SCT. The prognostic value of MRD has been documented in 154 Ph þ adult patients. Qualitative PCR assessment of MRD in 63 of those Ph þ adult ALL patient cases after two courses of treatment showed that MRD is an efficient prognostic tool. 3 The foregoing data support our observations that quantitative assessment of residual leukemic cells in Ph þ ALL patients is a better diagnostic tool for clinical decision-making than qualitative assessment.
Conclusion
In conclusion, RQ-PCR quantification of MRD in the initial phases of Ph þ ALL treatment allows for the prognostic stratification of patients. Indeed, early kinetic assessment of Ph þ cell reduction may help to identify patients who have no chance of being cured by current chemotherapy and who are thus candidates for prompt SCT from the best available donor and for other experimental therapeutic strategies. On the other hand, RQ-PCR quantification of MRD reveals patients who will respond to treatment with a rapid clearance of Ph þ cells and who will benefit from intensive initial chemotherapy. Imatinib, the novel therapeutic agent specifically designed to target tyrosine kinase activity of the BCR/ABL oncoprotein, is very effective against chronic myeloid leukemia. 32, 33 In Ph þ ALL, imatinib given as single agent induces CHR in about 60% of relapsed or refractory patients. Unfortunately, clinical resistance develops rapidly and the median time-to-progression in these patients is only 2.5 months. 34 Therefore, combining imatinib to polychemotherapy protocols seems a promising therapeutic approach to Ph þ ALL and is currently under evaluation in previously untreated patients. 35 It would be interesting to verify whether the inclusion of imatinib into polychemotherapy schedules modifies the overall response to the treatment of the two MRD groups of Ph þ ALL patients. Should this not be the case, MRD assessment would identify the Ph þ ALL patients who would benefit most from the imatinib inclusion into the treatment schemes thereby sparing them from the potentially life-threatening complications frequently associated with SCT from allogeneic donors.
